The ability of Sargassum hemiphyllum to remove methylene blue (MB) from aqueous solution was evaluated. Batch experiments were conducted to examine the effects of parameters such as initial pH, contact time, biomass dose and initial dye concentration on adsorption capacity. S. hemiphyllum before and after MB adsorption was characterized by Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). The Langmuir isotherm model provided the best correlation with experimental data, and the monolayer biosorption capacity was 729.93 mg·g À1 within 120 min using 0.5 g·L À1 algal biomass and pH of 5. The pseudosecond-order kinetic model accurately described the adsorption kinetics data. Thermodynamic 
isotherm model provided the best correlation with experimental data, and the monolayer biosorption capacity was 729.93 mg·g À1 within 120 min using 0.5 g·L À1 algal biomass and pH of 5. The pseudosecond-order kinetic model accurately described the adsorption kinetics data. Thermodynamic parameters (ΔG 0 , ΔH 0 and ΔS 0 ) at temperature ranges of 293-313 K demonstrated that biosorption is an endothermic and spontaneous reaction. FT-IR analysis showed that the hydroxyl, amine and carboxyl functional groups on the surface of the algae were the most important functional groups for biosorption of MB. XPS analysis indicated that the algal biomass combined with MB molecules through -NH 2 groups. These results suggest that S. hemiphyllum is a favorable biosorbent for removing MB dye from wastewater.
INTRODUCTION
More than 0.7 million tons of synthetic dyes are used for textiles, plastics, rubber and packaging worldwide every year (Chen et al. ) . Dye wastewater contains large amounts of organic pollutants that increase the chemical oxygen demand of the water. The dye effluents discharged into the environment are highly detrimental, which can irritate the skin and even result in carcinogenicity (Gupta & Suhas ) . In addition, dyes also affect the photosynthesis of aquatic organisms, disturbing the ecological balance (Ali ) . Therefore, dye wastewater treatment has been targeted as one of the significant issues in industrial wastewater treatment. Various traditional technologies exist for the treatment of dye wastewater, including flocculation, oxidation, membrane separation, electrochemistry, ion exchange and ozonation. However, they have some disadvantages, such as high cost, high energy consumption, or difficulty in disposing of the dye wastewater effectively (Kaushik & Malik ) . As a potential method for treating dye wastewater, biosorption has previously been investigated (Srinivasan & Viraraghavan ) . A wide variety of materials, such as plant (Balci & Erkurt ) , fungi (Abdallah & Taha ) , chitosan (Wang et al. ) , algae (Cengiz & Cavas ) , rice husk (Saroj et al. ) and cotton waste (Goel et al. ) , have been used to remove dyes from wastewater. Among these materials, algae have been proved to be a potential material for the adsorption of dyes because of their ubiquitous occurrence in nature, low cost, and availability. Previous studies have indicated that the green algae Enteromorpha spp. and Spirogyra rhizopus have impressive adsorption capacities for methylene blue (MB) and Acid Red 274, respectively (Özer et al. a; Ncibi et al. ) .
Guler & Sarioglu () also confirmed that raw and pretreated Spirogyra sp. can remove MB effectively. The brown macroalgae Nizamuddina zanardini (Esmaeli et al. ) and Laminaria japonica (Wang et al. ) have also been found to be potentially proper biosorbents with high removal rates in dye wastewater treatment. This is mainly attributed to functional groups such as hydroxyl, carboxylic and sulfonic groups on the algal cell wall, as well as their high binding affinity for dye (Nemr et al. ) . The biosorption capacity depends on the species of biomass and sorbate, along with several factors such as pH, contact time and ionic concentration (Guler & Sarioglu ) . In addition, many studies have shown that nonliving biomass appears to have a greater potential than living biomass because the nonliving biomass sorption is not needed for nutrient supply and is not affected by the toxicity in wastewater treatments (Sheng et al. ) .
The brown macroalga Sargassum hemiphyllum is widely distributed in the South China Sea; however, only a small part is used for food or as a phycocolloid. Little attention has been paid to its use as a biosorbent. MB, a basic dye, is used for dyeing paper, wool and cotton (Vadivelan & Kumar ) . In this study, we aimed to test the feasibility of using S. hemiphyllum as a dye adsorbent. The parameters affecting biosorption were investigated, including initial pH, adsorption time, sorbent dosage and initial dye concentration. To gain a better comprehension of the biosorption mechanisms, isotherm, kinetic and thermodynamics studies were conducted. The surface structure and functional groups were characterized based on scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) analyses. Figure 1 . Different concentrations of dye solution were prepared by diluting from a 1,000 mg L À1 stock solution.
MATERIALS AND METHODS

Biosorption studies
Batch experiments under varied conditions, such as initial pH (2-10), biomass dosage (0.05-2 g·L À1 ) and initial dye concentration (30-1,000 mg·L
À1
) were conducted in 100 mL Erlenmeyer flasks containing 50 mL dye solution, while the experiment of contact time (0-180 min) was performed in 1,000 mL Erlenmeyer flasks containing 500 mL dye solution. Erlenmeyer flasks were shaken at 200 rpm in the dark. The experiments were repeated three times for all conditions.
Analytical procedure
Samples were centrifuged at 3,000 rpm for 5 min. The supernatant was analyzed using a UV-spectrophotometer (Shimadzu, UV-1800, Japan) at a wavelength of 664 nm to determine the dye concentration. The removal efficiency (η) was calculated using the initial and residual MB concentration as follows:
The adsorption capacity at equilibrium in S. hemiphyllum was determined using the following equation:
where q e is the equilibrium adsorption capacity of dye (mg·g
À1
), C o is the dye initial concentration (mg·L
), C e is the equilibrium concentration of dye (mg·L À1 ), m is the biosorbent mass (g), and V is the solution volume (L).
Biosorption isotherms
Isotherm experiments were conducted using 0.5 g·L À1 biomass and 50 mL dye solution with different initial concentrations (30-1,000 mg·L À1 ) in 100 mL Erlenmeyer flasks at 303 K for 120 min. The initial solution pH was maintained at 5. Langmuir, Freundlich and DubininRadushkevich (D-R) isotherms were used to fit the experimental data. The Langmuir model is based on the conception of monolayer sorption onto a surface with limited active sites. The Langmuir isotherm is given by the following equation:
where q o is the monolayer sorption capacity (mg·g
À1
) and K L is the Langmuir constant related to the binding energy (L·mg À1 ).
The basic characteristics of the Langmuir isotherm can be described in terms of R L , a dimensionless constant called the equilibrium parameter. R L is expressed as follows:
The value of R L indicates the type of the isotherm:
The Freundlich model is an empirical model used to describe the multilayer adsorption. The linear form of the Freundlich model is expressed in Equation (5):
where n is the biosorption intensity, between 1 and 10, indicating that biosorption was favorable under selected experimental conditions, and K F is the Freundlich constant related to the sorption capacity (mg 1-(1/n) ·L 1/n ·g À1 ).
The nature of the sorption process was also analyzed by the D-R isotherm to estimate the adsorption characteristics. The D-R isotherm model is expressed as follows:
where q e is amount of adsorbing dye per gram of adsorbent at equilibrium (mg·g À1 ), q m is the maximum adsorption capacity at equilibrium (mg·g À1 ), β is the D-R isotherm constant related to the sorption energy (mol 2 ·kJ À2 ), and ε is the Polanyi potential described as follows:
where R is the ideal gas constant (8.314 J·mol À1 ·K À1 ) and T is the temperature (K).
The free energy of biosorption was obtained from the following equation:
The E (kJ·mol À1 ) value can be used to determine the biosorption mechanism for a physical or a chemical reaction. If it falls in the range of 8-16 kJ·mol À1 , the biosorption process is a chemical reaction, while if E < 8 kJ·mol À1 , a physical reaction takes place in the biosorption process.
Biosorption kinetics
The biosorption mechanism and potential rate-controlling steps were investigated using pseudo-first-order, pseudosecond-order and intraparticle diffusion models. The kinetics study was carried out in 1,000 mL Erlenmeyer flasks containing 0.5 g·L À1 biosorbent and 500 mL dye solutions at pH 5 for different times (0-180 min). Samples were removed at each predetermined time to determine the liquid residue solution concentration (C e ) and to calculate the dye sorption capacity (q e ) at different adsorption times.
The pseudo-first-order kinetic model is given by:
where q e is the adsorption capacity in equilibrium (mg·g À1 ), q t is the adsorption capacity at time t (mg·g À1 ), k 1 is the equilibrium rate constant of the pseudo-first-order model (min À1 ), and t is the adsorption time (min).
The pseudo-second-order kinetic model is expressed by the following equation:
where k 2 is the equilibrium rate constant of the pseudosecond-order model (g mg À1 ·min
À1
). The rate of adsorption was used to elucidate the ratecontrolling step. The intraparticle diffusion model has been greatly explored in this regard. The intraparticle diffusion model equation can be calculated from the following equation:
where k i is the rate constant of intraparticle diffusion (mg·g À1 ·min À1/2 ) and C is the intercept. If the intraparticle diffusion model can be plotted linearly and passes through the origin, the biosorption process is controlled only by intraparticle diffusion.
Biosorption thermodynamics
Biosorption of MB onto S. hemiphyllum was conducted at different temperatures (293 K, 303 K, and 313 K) under optimized conditions. The biosorption equilibrium constant of the Gibbs free energy was represented by the following equation:
where T is the thermodynamic temperature (K) and K d is the equilibrium adsorption distribution constant. ΔG 0 is related to the heat of biosorption and entropy change at constant temperature and is calculated as follows:
The changes in the standard entropy (ΔS 0 ) and enthalpy (ΔH 0 ) can be related to the equilibrium adsorption-distribution constant using the following equation:
Analysis of SEM, FT-IR and XPS
The surface morphology of the algal biomass was obtained from SEM (Jeol, JSM-7001F, Japan) under vacuum after a thin layer of gold was covered on the samples using a sputter coater. The FT-IR spectra were obtained using a FT-IR (Bruker, Tensor 27, Germany) in the range of 4,000-400 cm À1 . The surface functionalization was analyzed by XPS (Thermo-VG Scientific, ESCALAB 250, USA). The binding energies were calibrated to the major C 1 s peak at 284.6 eV.
RESULTS AND DISCUSSION
Effect of pH
The initial solution pH played a key role in algal biosorption. Figure 2 shows the effect of the initial pH on the biosorption of MB in S. hemiphyllum. (Nemr et al. ) . At lower pH, the algal surface charge may become positively charged, causing hydrogen ions to compete with dye cations, resulting in a decrease in dye adsorption. At a higher pH, the algal polymeric composition may become negatively charged, which increases the biosorption capacity through electrostatic attractions (Ncibi et al. ) . However, the active sorption sites were limited, therefore the sorption capacity was not continuously elevated as the pH became higher.
Effect of contact time
The effect of contact time on MB biosorption was investigated at different times (0-180 min). As shown in Figure 3 , adsorption capacity increased rapidly within the first 5 min; thereafter, it slowly rose and attained a constant value. The adsorption capacity was 188.45 mg·g À1 at 90 min. A large number of available free surface sites was certainly responsible for the initial high sorption rate at the beginning, while the subsequent deceleration was observed when the available sites became saturated (Esmaeli et al. ) . 
Effect of biomass dosage
The effects of biosorbent dosage on adsorption capacity and removal efficiency are presented in Figure 4 . The removal efficiency increased as the biosorbent dosage increased, while the adsorption capacity was gradually reduced. Similar behavior had been observed in Posidonia oceanica fibers for MB adsorption (Ncibi et al. ) . The elevated removal efficiency can be attributed to the increased available adsorption sites with the elevated biosorbent dosage. The adsorption capacity of the adsorbent was lower, because adsorption sites remained unsaturated, and less commensurate increase in adsorption quality occurred as the adsorbent in adsorption was increased (Manohar et al. ) .
Effect of initial dye concentration
The influence of initial MB concentration on biosorption by the nonliving biomass of S. hemiphyllum is presented in Figure 5 . ) (Esmaeli et al. ), and then no further increase in adsorption capacity implied that the available sites on the biosorbent are limited in higher initial dye concentrations (Özer et al. b) .
Biosorption isotherms
Langmuir, Freundlich and D-R models were used to explain the experimental data. The determination coefficients and the adsorption parameters are shown in according to the Langmuir model, which was compared with other materials and summarized in Table 2. From Table 2 , S. hemiphyllum exhibited higher adsorption capacities than other materials. The value of the Langmuir separation factor R L was between 0 and 1, and the adsorption intensity (n) was 
Kinetic study
The adsorption kinetics of biosorption are available to explain the biosorption process. In order to describe the kinetics of the reactions, three kinetic models were used to fit the experimental data. The parameters and determination coefficients of the adsorption kinetics are listed in Table 3 .
The values of R 2 for the pseudo-first-order (0.97) and pseudo-second-order (0.99) kinetic models were high. The calculated adsorption capacities were compared with the experimental value, suggesting that the pseudo-secondorder model was more appropriate than the pseudo-firstorder model. Thus, the pseudo-second-order model was more useful for describing the biosorption kinetic process. A similar biosorption process had been reported for Acidic Black 1 biosorption by Sargassum glaucescens and Stoechospermum marginatum (Daneshvar et al. ) . The results suggest that the adsorption of MB by S. hemiphyllum probably took place through surface exchange reactions until the active sites were fully occupied; then, dye molecules diffused into the algal biomass network for further interactions (Kousha et al. ) . The intraparticle diffusion model was used to verify the 'rate-controlling step' of MB dye onto S. hemiphyllum; however, it did not fit the experimental data well, indicating that this diffusion mechanism was not playing the major role in the control of kinetics.
Thermodynamic study
The thermodynamic parameters of ΔG 0 , ΔH 0 and ΔS 0 were obtained from the plot of lnK d values vs 1/T ( Figure 6 ) and are shown in water molecules surrounding the dye molecules, thus the degree of freedom of the water molecules increases (Gürses et al. ) . A similar result had been reported for Acidic Black 1 adsorption in Sargassum glaucescens and Stoechospermum marginatum (Daneshvar et al. ) . Figure 7 shows the morphology and surface structure of S. hemiphyllum before and after biosorption of MB by SEM micrographs. The surface of S. hemiphyllum before loading MB featured lamellar protuberances, and became smoother after loading MB, which is consistent with reports by Guler & Sarioglu () on Spirogyra sp. This phenomenon may arise from the MB molecules attaching around the algal surface and filling the pores.
SEM analysis
FT-IR study
The FT-IR study provided a deeper understanding of the interaction between the biomass cell surface and dye molecules. FT-IR spectra of the biosorbents before and after dye adsorption are shown in Figure 8 . The strong vibration and broadband at approximately 3,500-3,200 cm À1 represents the O-H group from cellulose and N-H groups from proteins in the algae. The peak at 2,925.84 cm
À1
could be assigned to symmetric and asymmetric C-H stretching vibrations of the aliphatic groups. The peak at around 1,620.11 cm À1 could be attributed to the stretching vibration of carboxyl groups. The peak at 1,033.78 cm
could be related to the C-O stretching vibration of carboxylic acids and alcohols. This was in agreement with a large number of hydroxyl and carboxyl groups in brown algae (Leal et al. ) . After MB adsorption, the peaks shifted to 3,388.73, 2,923.91, 1,600.82 and 1,035.71 cm À1 , respectively. The significant change of the peaks showed that several functional groups on the surface of the algae interacted with the dyes. However, the large shift and the reduction of the peak at approximately 3,500-3,200 cm indicated that the amine and hydroxyl groups were the most important functional groups for biosorption of MB. The significant reduction in the peak at 1,600.82 cm À1 showed that carboxyl groups also devoted to the binding of MB. The FT-IR analysis showed that hydroxyl, amine and carboxyl groups on the algal surface are responsible for the biosorption of MB.
XPS study
XPS was used to study the atomic composition and chemical environment of the surface and ensure the surface coverage accurately. The XPS wide scan spectra of S. hemiphyllum before and after MB adsorption are presented in Figure 9 . The peaks shown in the spectra arose from the spectral lines of C 1 s (∼284.8 eV), O 1 s (∼532.7 eV) and N 1 s (∼400 eV) peaks are discernible. The adsorption interaction between S. hemiphyllum with MB was investigated by N 1 s. The XPS spectra of N 1 s are shown in Figure 10 . One peak at 399.9 eV was observed before adsorption. After adsorption dye, the spectra can be divided into two components (399.2 eV and 399.9 eV). A new peak at 399.2 eV appeared, and the area of 399.9 eV decreased. Actually, the N 1 s photoelectron peak which is close to 400 eV can be attributed to the nitrogen in the organic matrix (Serro et al. ) . The binding energy of MB is 399.2 ± 0.2 eV (Hoppe et al. ) . The results are consistent with the FT-IR study, a finding that demonstrated the interaction of MB with S. hemiphyllum through the -NH 2 group.
CONCLUSION
In the present study, biosorption of MB by S. hemiphyllum from aqueous solutions was investigated. The adsorption capacity was influenced by the solution pH, contact time, biomass dosage and initial dye concentration. The isotherm study showed a good fit with the Langmuir model. The monolayer biosorption capacity fitted by the Langmuir isotherm was 729.93 mg·g À1 within 120 min using 0.5 g·L À1 algal biomass at pH 5 and 303 K. The value of the equilibrium parameter (R L ) and the adsorption intensity (n) indicated that adsorption is favorable under selected experimental conditions. The pseudo-second-order model could be used as a successful model for the biosorption kinetics. The positive value of biosorption enthalpy change suggested that the process is endothermic, whereas the negative value of the Gibbs free energy established that it is a spontaneous process at temperature ranges of 293-313 K. The FT-IR analysis showed that hydroxyl, amine and carboxyl groups on the surface of the algae are responsible for the biosorption of MB. The XPS study indicated that the algae combine with MB molecules through the -NH 2 group. It was concluded that the brown macroalga S. hemiphyllum could be a potential biosorbent to adsorb MB from wastewater.
